in a meta-analysis of all case-control studies. In addition, ALOX5AP gene expression levels were determined in controls and IS cases. Results: A first meta-analysis of both subsets showed that the T allele of the SG13S114 SNP in ALOX5AP was a risk factor for IS after Bonferroni correction [OR = 1.22 (1.06-1.40); p = 0.006]. A second meta-analysis of white populations confirmed these results [OR = 1.18 (1.07-1.31); p = 0.001]. ALOX5AP gene expression analysis in a subset of controls and cases revealed that the SG13S114 genotypes modulate mRNA levels of ALOX5AP (p = 0.001) and mRNA levels were higher in IS cases (2.8 8 2.4%) than in controls (1.4 8 1.3%; p = 0.003). No association of the variants in PDE4D with IS was observed in our study. Conclusions: The ALOX5AP SG13S114 variant is an independent risk factor for IS in the Iberian population and is associated with ALOX5A P expression levels. The role of this gene in stroke merits further investigation.
Introduction
Environmental and genetic factors contribute to the development of complex diseases such as ischemic stroke (IS), the leading cause of disability and third cause of death in developed countries [1, 2] . The DeCode study highlighted the implication of single nucleotide polymorphisms (SNPs) and haplotypes in the 5-lipoxygenase-activating protein ( ALOX5AP or FLAP ) and phosphodiesterase 4D (PDE4D) genes in IS in the Icelandic population through genome-wide linkage scan [3] [4] [5] . The study showed that a haplotype in the ALOX5AP gene, HapA defined by the SNPs SG13S25, SG13S114, SG13S89 and SG13S32, conferred an increased risk of suffering myocardial infarction and stroke [5, 6] . Moreover, several SNPs in the PDE4D gene (SNP41, SNP45, SNP56, SNP87 and SNP89) were strongly associated with the combined cardioembolic and atherothrombotic stroke subtypes. A risk haplotype was also described, composed of SNP45 and microsatellite AC008818-1, which conferred a risk about 1.8 times higher of suffering stroke to the 16% of the general population that carries at least one copy [4] .
However, replication of these results in other populations has proven difficult. Concerning the ALOX5AP gene, 4 studies in European populations confirmed later the association with stroke [6] [7] [8] [9] , whereas 4 studies and a meta-analysis did not [10] [11] [12] [13] [14] . Concerning the PDE4D gene, 14 studies have been published as follow-up in European populations, 11 of which claimed replication of the findings [10] [11] [12] [13] [15] [16] [17] [18] [19] [20] [21] ] and 3 did not [7, 22, 23] . Staton et al. [17] , in 2006, observed a significant association with IS of SNP41, SNP83 and SNP87 through meta-analysis. On the contrary, in a more recent and complete meta-analysis on 5,200 and 6,600 stroke patients and controls, respectively, it was shown that none of the genetic variants studied was robustly and reproducibly associated with stroke, when the data from the original report was excluded [24] . Interestingly, Nilsson-Ardnor et al. [16] , in 2005, published a study on a candidate region linkage approach for stroke in families from Sweden and replicated the linkage of the PDE4D region on chromosome 5q.
This study aimed to investigate the contribution of genetic variants in the ALOX5AP and PDE4D to IS through a three-step approach: a large case-control analysis in the never tested before Iberian population, a meta-analysis of all case-control studies available for white ethnicity including our results, and functional studies of selected genetic variants.
Material and Methods

Study Population
We used a case-control design on two datasets, from Spain and Portugal. Spanish IS cases were unrelated consecutive patients who were admitted to the Emergency Department of University Hospitals throughout Spain, recruited within the first 3 h after symptom onset. Only patients with a nonlacunar IS involving the vascular territory of the basilar or middle cerebral arteries were included. Occlusion was assessed by transcranial Doppler ultrasonography [25] . Control participants were healthy volunteers older than 65 years with no neurovascular and cardiovascular history, as well as family history of stroke, ascertained by direct interview before recruitment. Portuguese IS cases were unrelated patients, who were under the age of 65 at stroke onset and were recruited throughout Portugal. Stroke was defined by the presence of a new focal neurological deficit, with an acute onset and symptoms and signs persisting for more than 24 h, and confirmed by computed tomography scan and/or magnetic resonance imaging [26] . Control participants were healthy volunteers free of stroke as ascertained by direct interview before recruitment. In both subsets, patients with a clinically known inflammatory or malignant disease were excluded from the study. Details on socioeconomic and demographic characteristics were obtained from all subjects by questionnaires, together with information on smoking, dyslipidemia, hypertension, diabetes mellitus and current medication use. A pooling-data analysis was performed, based on the minimal available data for each study. Smoking was defined as ever smoking by interview. Hypertension was defined as systolic blood pressure 6 140 mm Hg and diastolic blood pressure 6 85 mm Hg, self-reported history and/ or treatment for hypertension. Diabetes mellitus was defined by self-reported history and/or any treatment for diabetes type 2. Dyslipidemia was defined as increased lipid concentrations (cholesterol 1 200 mg/dl or triglycerides 1 200 mg/dl), self-reported history and/or any treatment for dyslipidemia. Informed written consent was obtained from all subjects and the local Ethics Committee approved the study. All subjects were of European white ancestry.
Genetic Analysis
One SNP in the ALOX5AP gene (SG13S114) and five SNPs in the PDE4D gene (SNP41, SNP45, SNP56, SNP87, SNP89) were investigated. These polymorphisms were genotyped using the SNPlex TM (Applied Biosystems, Inc., Foster City, USA), Sequenom iPLEX, or TaqMan (Applied Biosystems) technologies.
Statistical Methods
Sample size for adequate power was calculated using the Ene 2.0 software. Deviation from the Hardy-Weinberg equilibrium (HWE) was assessed using a 2 -test with 1 degree of freedom. A 2 or Fisher's exact test, as appropriate, was used to compare categorical variables between groups. Continuous variables were compared between groups with the Student's t test. Bonferroni correction was used to adjust for multiple comparison testing. The odd ratios (ORs) and 95% confidence intervals (CIs) for the effect on IS risk were estimated by logistic regression analysis adjusted for the effects of classical stroke risk factors. SPSS © 15.0 was used for all statistical analyses.
Meta-Analysis
Systematic review of the literature was performed in order to calculate the association of several SNPs with IS through metaanalysis. Studies published up to December 31st, 2008 on the association between ALOX5AP genetic variants and the risk of IS were identified in the MEDLINE database through the following terms: ALOX5AP, FLAP, lipoxygenase, polymorphism, gene, stroke, cerebral infarction, mutation, genotype, cerebrovascular disease, allele. Articles were included in the meta-analysis if the language was English, French or Spanish, and if the population studied was of White ethnicity. Data for analysis were extracted independently from each study by two investigators. The SNPs included in the meta-analysis were genotyped in at least 2 independent studies and if data were available for our own dataset, it was also included. Between studies heterogeneity was estimated with the I 2 of Higgins and Thompson, and I 2 1 0.50 or p value ! 0.05 were considered indicators of inconsistency between studies. Nonetheless, test for association was calculated in all cases with a random effects model from DerSimonian and Laird. The statistical tools used for the analysis were downloaded from the Critical Appraisal Skills Program at www.redcaspe.org. ORs were used to compare distributions of alleles and genotypes between cases and controls.
Gene Expression Analysis
RNA was extracted from all available samples, 19 healthy controls and 22 IS cases, in which blood was obtained at baseline (less than 3 h after onset of stroke symptoms) in the Vall d'Hebron Hospital. Two EDTA tubes were centrifuged at 3,500 rpm for 15 min to obtain the white blood cell fraction, which was immediately preserved in RNA later (Ambion , Foster City, USA) at -80 ° C, and total RNA was isolated by RiboPure-Blood TM Kit (Ambion). cDNA synthesis was performed using High-Capacity cDNA Archive Kit (Applied Biosystems, Inc., Foster City, Calif., USA). mRNA levels were determined by quantitative Real Time PCR, using a standard TaqMan PCR kit protocol and TaqMan fluorogenic probes with a 7500 Real Time PCR System (Applied Biosystems). The probes were located in the ALOX5AP (Hs00233463_m1) and the Cyclophilin A (PPIA) genes (Hs99999904_m1); the latter ran as housekeeping gene to normalize the results. All reactions were run in triplicate on three 96-well plates, using a unique sample as endogenous calibrator control in each one, and analyzed using the Applied Biosystems SDS 7500 system software. The results are expressed in percent depending on a healthy calibrator sample used in the experiments.
Results
Case-Control Study
Sample size was calculated to obtain a power of 0.80 with a significance level of 0.05 using the data from the two original Icelandic studies [4, 5] . The mean risk allele frequency of the 6 SNPs (SG13S114 of ALOX5AP and SNP41, SNP45, SNP56, SNP87, SNP89 of PDE4D ) was calculated in cases (77.7%) and in controls (68.4%). Based on this average 10% difference in risk allele frequency between cases and controls, we calculated the sample size necessary for each subset, considering that we had approximately the same number of cases and controls available in the Portuguese dataset, and approximately half the number of controls than cases in the Spanish subset. The minimal sample size necessary was then 216 controls and 504 cases in the Spanish subset and 309 cases and 309 controls in the Portuguese subset, with an expected theoretical effect size OR of 1.67 (1.16-2.39). Finally, 263 controls and 527 cases from Spain and 518 controls and 565 cases from Portugal were included in the analyses. Established risk factors, including male gender, diabetes mellitus, hypertension and cigarette smoking were observed at a higher frequency in the IS group. On the other hand, dyslipidemic status did not differ between cases and controls ( table 1 ) .
One SNP in ALOX5AP and five SNPs in PDE4D were examined for association with IS. Genotype frequencies differed significantly from those predicted by the HWE in the control group for SNP45 of PDE4D in the Portuguese study ( table 2 ) . Considering an additive model, be- fore and after adjusting for the confounding variables age, gender, diabetes mellitus, cigarette smoking and hypertension, the T allele of the SNP89 in PDE4D was a risk factor for IS in the Spanish subset, but this association could not be replicated in the Portuguese sample. However, in the Portuguese subset, the T allele of the SG13S114 SNP in ALOX5AP was a risk factor for IS (OR = 1.21, 95%
CI: 1.01-1.46, p = 0.037) and this association remained significant after adjusting for the different confounding variables (OR = 1.30, 95% CI: 1.01-1.68, p = 0.041). There was also a tendency for association in the Spanish subset (OR = 1.22, 95% CI: 0.98-1.53, p = 0.070). Overall, the pooling-data analysis revealed that the T allele of the SG13S114 was a risk factor for IS before (OR = 1.22, 95% We next performed a meta-analysis of both Spanish and Portuguese studies ( table 3 ), which indicated that overall the T allele of the SG13S114 SNP in ALOX5AP was indeed a risk factor for IS and this association survived the Bonferroni correction for multiple testing (OR = 1.22, 95% CI: 1.06-1.40, p = 0.006). The heterogeneity between the two subsets for this SNP was low (I 2 = 0.00, p = 0.950). None of the SNPs studied in the PDE4D gene was associated with IS in the meta-analysis.
Meta-Analysis
A flow diagram of the study selection process for the meta-analysis of the ALOX5AP gene is presented in figure 1 . We performed a meta-analysis on studies carried out in White samples, including our data and 9 studies on ALOX5AP ( table 4 ) . The analysis included data on two haplotypes and five out of twelve SNPs studied in cited papers for which data was available from at least two independent studies ( table 5 ) . The highest number of subjects was obtained from five different studies for the SG13S114 SNP, with 3,318 case alleles and 2,923 control alleles. The meta-analysis results indicate that this SNP is associated with IS (OR = 1.18, 95% CI: 1.07-1.31, p = 0.001), in concordance with the results obtained in our population ( fig. 2 ) . Moreover, the heterogeneity between studies was low (p = 0.896).
Gene Expression Analysis
Expression of the ALOX5AP gene was determined in 19 controls and 22 IS cases ( fig. 3 ) . A significant difference in the mean relative levels of RNA expression could be observed between controls and cases (p = 0.003), IS cases showing higher levels (280 8 240%) than controls (140 8 130%). Moreover, in the control group, RNA levels depend on the genotype of the SG13S114SNP (p = 0.001), AA carriers (260 8 100%; n = 5) presenting higher levels than AT carriers (110 8 120%; n = 8), which in turn presented higher levels than TT carriers (80 8 90%; n = 6). However, no association between ALOX5AP RNA levels and SG13S114 genotype could be observed in the group of IS cases (p = 0.866). Levels of expression did not differ between controls (260 8 100%; n = 5) and cases (310 8 310%; n = 7) carrying the AA genotype (p = 0.660). But we did observe an increase in the relative levels of T allele carriers between controls (100 8 110%; n = 14) and IS cases (260 8 210%; n = 15) (p ! 0.001).
References excluded: n = 18
Non-human studies (n = 1) No genetic analysis (n = 6) Not neurovascular or cardiovascular disease (n = 11)
Unique reference identified: n = 58
References excluded: n = 31 Not ischemic stroke (n = 10) Reviews (n = 13) Case series, case reports (n = 1) No original data (n = 0) Non-European descent (n = 7)
Potentially relevant articles identified for further review: n = 40
Final studies: n = 9 
Discussion
The design of the present study constitutes a threestep approach. First of all, we selected some of the most interesting SNPs that were associated with stroke in the DeCode study in an Icelandic population. These SNPs were examined through case-control analysis in a large Iberian sample, a population that has never been tested before for association with the ALOX5AP and PDE4D genes. The data obtained were then included in a new and complete meta-analysis of white ancestry case-control studies with additional markers and haplotypes. Finally, functional studies were performed through gene expression analysis. We identified the SG13S114 SNP of the ALOX5AP gene as an independent risk factor for stroke, both in the case-control study in our population and in the meta-analysis of White ethnicity populations and show that this polymorphism regulates ALOX5AP RNA levels.
The T allele of the SG13S114 variant is part of the HapA haplotype markers that was described as a risk factor for IS in the original study. The only study that analyzed the effect of the SG13S114 SNP in a European population observed identical results, which are that the T allele of this polymorphism is associated with a higher risk of IS [7] . Kaushal et al. [8] , in an American White population, also replicated the association of ALOX5AP with IS, but not of the SG13S114 SNP. However, the frequency of this SNP in their population was quite different, indicating that the White American and the White European population frequencies are not comparable. This could explain the fact that two other studies in American White populations did not observe an association of the SG13S114 SNP with IS [10, 11] . Other studies published a replication of the association of ALOX5AP with IS, but did not study or publish the results obtained for this particular SG13S114 SNP [6, 9] . Also, two studies investigated either other variants in the gene or the HapA directly [12, 13] . Considering other ethnicities, two studies in Chinese populations also support a role for the ALOX5AP gene in IS [27, 28] .
To definitively elucidate the contribution of the SG13S114 variant on the risk of stroke in white populations, we performed a new meta-analysis, including all data available in the literature and our own results. Metaanalyses are statistical tools that permit to combine the results of several studies that address the same hypothesis. It is widely considered that resulting overall averages are more powerful estimates of the true effect size than those derived from a single study under a given single set of assumptions and conditions, if study characteristics are well controlled. Our meta-analysis on the ALOX5AP gene confirmed that the SG13S114 SNP is associated with IS, in concordance with the results obtained in our population.
The putative function of the SG13S114 variant is unknown since it is located in an intronic region, but we demonstrate here that RNA levels depend on the genotypes of this SNP in our control group. No study has explored the possible function of the ALOX5AP gene before on stroke. Therefore we decided to investigate the expression levels of this gene in more than 40 samples and showed that T allele carriers of the SG13S114 SNP present lower levels of ALOX5AP gene expression, which might indicate that low RNA levels of ALOX5AP is a risk factor for IS. This gene encodes the 5-lipoxygenase activating protein (FLAP), a protein for which the only known role is the involvement in the initial step of leukotriene biosynthesis, a process that can be completely inhibited by compounds that bind FLAP. More specifically, membrane-embedded FLAP, which has no known enzymatic activity, selectively transfers arachidonic acid to 5-lipoxygenase and enhances sequential oxygenation of arachidonic acid to 5(S)-hydroperoxyeicosatetraenoic acid and dehydration to leukotriene A 4 [29] . Leukotriene A 4 can then be converted either to pro-inflammatory leukotriene B 4 or to the bronchoconstrictive, vasoconstrictive and pro-inflammatory cysteinyl leukotrienes. Those pro- inflammatory effects of FLAP and the production of reactive molecules such as superoxide anions [6] have been linked to respiratory diseases, allergic diseases and cardiovascular diseases. The ALOX5AP gene has also been linked to the risk of stroke, restenosis, myocardial infarction and atherosclerosis. It was shown that male carriers of the HapA at-risk haplotype had significantly greater production of leukotriene B 4 in neutrophils [5] .
In our study, we observed higher ALOX5AP gene expression levels in IS cases than in controls, although in the cases, RNA levels did not depend on the genotype of the SG13S114 SNP. This might indicate that during the acute phase of an IS, ALOX5AP levels are increased, probably as part of the inflammation process. This is supported by the fact that T carriers in cases present statistically higher levels of ALOX5AP RNA than T carriers in controls. The lack of association with the genotype in the IS cases could be due to a general increase in RNA levels, masking the effect of the polymorphism. However, our analysis presents several limitations, such as the small sample size, the difficulty to access brain infarcted tissue and the widespread alteration of mRNA levels across different gene and gene sets in diseased individuals, which limit the relevance of these results. We do not have results of ALOX5AP RNA levels in other time points than the acute phase but considering the results in the control group, we assume that the T allele is associated with low RNA levels. We hypothesize that these low RNA levels might be a risk factor for IS, for example by altering the inflammatory response, thus playing a role in neuro-and cardiovascular diseases. However, more studies are needed to demonstrate this hypothesis.
Concerning the PDE4D gene, we found no association of the five SNPs analyzed in the PDE4D gene with the risk of IS in our population, although some SNPs did not respect the HWE and thus question the veracity of those results. Bevan et al. [9] , similarly to our findings, showed that no genetic variant presented a strong and consistent association to IS, suggesting that the associations observed in Iceland for the PDE4D gene might be restricted only to specific populations. We also performed a new and complete meta-analysis of white ancestry case-control studies of the PDE4D gene in IS, but we did not observe any association (data not shown). However, a recent study on the differential expression of genes upon acute IS in human peripheral blood mononuclear cells showed that expression profiles were the most significantly different between IS patients and healthy subjects for the PDE4D gene out of around 10,000 probe sets [30] .
Most studies published as a follow-up to the original article present limitations in the number of variants tested, small size of samples analyzed and the subtyping of the different etiologies of stroke [31, 32] . In our case, technical difficulties prevented the analysis of more variants, including the other SNPs constituting the HapA haplotype of the ALOX5AP gene, as well as the AC008818-1 microsatellite in the PDE4D gene, which were associated with stroke in the initial paper. Moreover, subtype analysis of the patients would have been very interesting since phenotypic differences among IS patients is mainly related to different stroke etiologies; unfortunately TOAST information was not available for all cases, limiting subtyping to a small number of subjects. Population stratification might also be a source of replication failure. On the other hand, the overall sample size used was considered sufficient to observe a variation of at least 0.06 in the minor allele frequency of any SNP between cases and controls with a significance level of 0.05 and a power of 0.80. Also, the interaction with other traditional risk factors was well controlled. Considering the results of the metaanalysis, publication bias is an important potential confounding factor. However, heterogeneity between studies was well assessed statistically with random effects analysis.
Summary
In conclusion, the present study is the first to investigate the role of the PDE4D and ALOX5AP genes on the risk of developing IS in an Iberian population, indicating that the T allele of the SG13S114 genetic variant in the ALOX5AP gene is an independent risk factor for IS and is associated with ALOX5AP expression levels. Moreover, we present here the results of a new large meta-analysis on the ALOX5AP gene in IS, comprising 3,318 case alleles and 2,923 control alleles, showing that the SG13S114 SNP is a risk factor for IS in White populations. The role of this gene in stroke merits further investigation. 
